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Abstract 
Natural fiber reinforced polymer composites have recently received substantial attention due to their potential for replacing 
conventional fiber reinforced polymer composites, specifically synthetic fiber reinforced ones. 
Based on a real part, the impact of using natural fibers is assessed using the Life Cycle Engineering approach. Ramie and Jute are 
the selected natural fibers and the comparison is done with the E-Glass and Carbon Fiber parts (a conventional material is used as 
baseline - Aluminum). The life cycle performance of the material alternatives is assessed economically and environmentally. The 
technical performance is also assessed completing the Life Cycle Engineering approach. 
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1. Introduction 
Today among various natural materials, natural fibers (NF) 
are one of the potential low-cost and environmentally friendly 
materials that can be an important component of polymeric 
composite solutions. Due to their bio renewable nature and 
inherent eco-friendly characteristics NF offer a number of 
advantages over other materials, such as low density, 
acceptable modulus-weight ratio, higher acoustic damping, 
carbon dioxide sequestration, and biodegradability [1]. Their 
use is also increasingly popular, as consumers are becoming 
more conscious of the need for sustainable products. The aim 
of this study is to assess the feasibility of plant-based 
composite solutions, bio-composites, as a replacement for the 
conventional ones. The analyses are performed according to 
three perspectives: technical, economic and environmental. 
Life Cycle Cost (LCC) and Life Cycle Assessment (LCA) 
perspectives take into account the entire life cycle of the 
product, from raw material to the product end-of-life. 
Technical performance is based on mechanical properties 
relevant to the product. These three systematic assessments 
are integrated into one global approach to support decision 
making: Life Cycle Engineering (LCE) [2] [3].  
The use of NF fostering a more sustainable composite part 
is investigated through a case study: a rocker of a mountain 
bike. A life cycle comparison of the rocker made of materials 
from non-renewable and renewable sources is performed. A 
specific design of the component was defined for each 
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material combination based on a set of mechanical behavior 
requirements for the rocker. The technical performance 
assessment was based on the specific characteristics of the 
rocker obtained with each material. Regarding the life cycle 
analysis, the first step is to define the boundaries for the study. 
The activities and resources required are described, in order to 
evaluate all the costs and the environmental impacts (EI) 
occurred during each life cycle phase. The technical, 
economic and environmental perspectives are aggregated in a 
ternary diagram, in which each perspective of analysis is 
represented in each axis [3]. The ternary diagram illustrates a 
more comprehensive view of the results of the comparison 
among the materials in different scenarios [4]. The LCE 
approach allows several sensitivity analyses, as well as a 
better understanding of the economic and environmental 
impact in each stage of the product life cycle. 
2. Methodology 
The LCE approach used, illustrated in figure 1, was based 
on LCC and LCA models developed for the economic and 
environmental evaluations, respectively. The functional 
performance (FP) was applied to the final product, based on 
its final weight; since this is the critical functional aspect to 
the costumer (the dynamic behavior is assured by the specific 
component design). The results of LCE are the combination 
of these three evaluation dimensions [4]. 
Considering the purpose and boundaries definition, a 
Process-Based Model (PBM) was developed to estimate the 
resources required (used and/or consumed) [5]. The outputs of 
the PBM are used as inputs in the costs and in the EI 
calculation phases. Based on the required resources and on 
balances of mass and energy, the costs are computed for the 
several alternatives in study (e.g. materials or technology 
selection), considering all life cycle phases. In particular, the 
costs of the production process are commonly assigned as 
variable or fixed. The variable costs considered are derived 
from the cost of energy, material and labor. The fixed costs 
refer to equipment, tooling, maintenance and building.  
The PBM also generates inputs for a life cycle assessment 
as regards the construction of an inventory of all material and 
energy flows, allowing the evaluation of the alternatives in 
terms of environmental impacts throughout the product life 
cycle. The LCA model developed assumes the same 
boundaries and scope as that of LCC. The evaluation of the 
environmental relevance of all the inflows and outflows was 
accomplished with SimaPro software using the ReCiPe 
method, which is a recent and updated weighting system that 
assesses the impacts of three damage categories [6]. The eco 
indicators are multiplied by the respective inventory amounts, 
resulting in the total points of the EI. The inventory is in fact 
the result of the PBM applied to each product life cycle phase 
The interpretation of the results, normally considered as the 
last phase of any LCA process [7], was performed integrated 
in the global LCE assessment. 
Finally, LCE results are obtained from a global evaluation 
of the three perspectives: economic, environmental and 
technical. These results must be normalized to allow the 
assigning of weights to each dimension. The final result is, 
presented in a ternary diagram, disclosing the possible choices 
according to the importance given to the three perspectives of 
analysis and also the domain (range of weights) of each “best 
alternative”. Ternary diagrams allow a clear visualization and 
easy interpretation of the performance in each perspective [4] 
[8]. 
3. Case Study 
The case study consists in evaluating different materials for 
a rocker, a specific bike component that bonds the rear swing 
arm with the damping system (figure 2).  
The rocker consists of two parts connected by three 
screws. For a structural analysis of the rocker, the boundary 
conditions and loading, as illustrated in figure 3 and 4, are 
considered.  
The rocker component has two holes with pinned 
constraints and a face roller support for guidance (figure 4). 
For the purpose of this study and as a result of the field test 
[9], the critical load case with a force angle of 65° was used. 
This leads to a maximum force, P, of 2250 N applied in both 
pinned constrained holes (figure 3) [10]. To avoid stress 
singularities while improving model accuracy, a non-uniform 
pressure load is considered to model the effect of the sockets 
in the interface of the screws and the holes of the rocker. A 
common approach is used to describe the surface pressure on 
the 180◦ region of the hole in compression. The compression 
follows a cosine pressure distribution as shown in figure 3 
. 
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Figure 2 Rocker component 
 
Figure 3 Non uniform loading distribution in the constrained pinned holes 
 
Figure 4 Rocker model with constrained holes (1) and guidance holes (2).  
The materials included in this case study are four 
composite material alternatives, two with synthetic fibers – 
glass fiber (E-Glass) and  carbon fiber (CF) – and two with 
natural fibers Jute and Ramie. An epoxy resin is used for all 
the composite materials. In addition, it is also included a 
rocker in Aluminum alloy that will be used as baseline. The 
properties of these materials are described in table 1. 
Regarding the mechanical properties per composit fiber, the 
values used for the FEA pre-processing are presented in 
table2. 
Regarding the technical performance of the product, the 
maximum displacement of 1.7 mm is considered as a 
requirement for the rocker behavior under the boundary 
conditions and loading described. 
The analysis is based on an LCE approach developed for 
the evaluation of the three performance dimensions as 
illustrated in the figure 5. 
For the technical evaluation, a 3D CAD model of the 
rocker was created using the SolidWorks 2 014 software. The 
numerical analysis was carried out applying ABAQUS 6.14 
software suite. The structural deformations and tensile or 
compressive stresses were numerically simulated with in-use 
loading conditions. The output of this analysis is the 
geometry/dimensions and material volume required for the 
maximum displacement specified for the product. 
For the economic and environmental analysis, LCC and 
LCA models compute the total costs and total EI throughout 
the whole product life cycle. The scope of the assessment is 
broken into three life cycle stages. The first is the raw 
material acquisition, where the total material and the 
transport of the raw material are taken into account. Then, 
the production phase follows. The production process used 
for the Aluminum rocker was hot forging and the wet lay-up 
was used for the composites materials alternatives. The total 
EI is computed regarding the material and energy flows in 
the processes. Finally, regarding End of life (EOL), the 
composites are incinerated and the Aluminum alloy is sold to 
be recycled. 
Table 1  Material Properties ( lamina reinforcement and aluminium) (Adapted 
from: [11] [12] [13]) 
 
Table 2 Rocher Mechanical Properties per composit fiber used in FEA pre-
processing 
 
 
Figure 5 Case study Approach 
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Constituent E-Glass 
Carbon 
T300 
(3K) 
Ramie Jute 
Aluminum 
alloy 
Fiber Volume [%] 21 19.9 22.6 23.4 - 
Fiber Mass [%] 36.5 26.8 27.1 26.3 - 
Grammage [g/m2] 300 193 190 180 - 
Young Modulus 
[GPa] 69 230 65 31.31 74 
Poisson ratio 0.25 0.2 0.3 0.38 0.33 
Density [kg/m3] 2,600 1,760 1,530 1,400 2750 
Filament diameter 
[µm] 
20 7 65.3 17.5 - 
Lamina thickness 
[mm] 
0.55 0.55 0.55 0.55 - 
Tensile strength 
[MPa] 2,750 3,530 800 500 280 
Constituent E-Glass 
Carbon T300 
(3K) 
Ramie Jute 
E1=E2 (GPa) 10.104 25.793 10.208 6.511 
G12   (GPa) 1.254 1.246 1.277 1.271 
G13=G23 1 1 1 1 
Poisson ratio υ12 0.128 0.0492 0.132 0.216 
X=Y (MPa) 628.850 755.852 230.954 166.688 
T [MPa] 21.4 21.4 21.4 21.4 
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4. Alternative Designs and technical performance 
A structural analysis was performed to the rockers made 
of the different composite alternatives. First, the several 
laminate configurations were iterated according to each 
lamina orientation, aiming at a minimal number of layers for a 
maximum deformation of 1.7mm. The Tsai Hill criterion [14] 
was used as a failure measure. Table 3 shows the thickness 
and number of layers required, the factor of safety to yielding 
(FoS) and the weight. Notice that for the composite materials, 
the plastic deformation is inexistent, so the ultimate tension is 
used for the FoS. The resulting rockers have different weights, 
depending on the density of the materials and on the material 
amount required to guarantee the maximum deformation 
allowed. 
Table 3 Rocker Design specifications:  thickness, number of layers maximum 
deformation, FoS and weight. 
Constituent Thickness 
[mm] 
No layers Maximum 
Deformation 
[mm] 
FoS Weight 
[g] 
E-glass 19.80 36 1.70 1.96 163 
CF T300 12.65 23 1.70 2.95 92 
Ramie 19.80 36 1.70 2.24 136 
Jute 24.75 45 1.70 2.11 170 
Aluminum - - 1.70 - 78 
5. Life Cycle Results 
The life cycle of the rocker component comprehends 
several stages, from raw material production/acquisition to the 
rocker End of Life phase. For each phase the inventory and 
the required data are generated in order to estimate the costs 
and EI throughout the rocker life cycle. 
The type and quantities of raw materials were identified 
according to the design alternatives presented before. The 
transportation of each material to arrive to the manufacturing 
site (assumed to be in Portugal) is also considered. The 
natural fibers come from China by freighter transoceanic; the 
CF T300 come from Germany by road. The remaining 
constituents for the composite materials are from Portugal. 
The freight rates depend on the volume, weight and 
commodity value of the cargo.  
The manufacturing phase comprehends the hot forging 
process when processing Aluminum and wet lay-up for the 
composite materials. The processes cycle time are presented 
in table 4, allowing the production costs estimation as well as 
the computation of the environmental impacts related to the 
production phase. For the rocker End of Life, the incineration 
of the composites and the recycling of the Aluminum were 
considered. 
5.1. Economic Results 
The LCC analysis was done considering the annual 
production volume of 5000 components. Table 5 presents the 
LCC results for each rocker alternative. It is notable that Jute 
presents the highest and Aluminum the lowest cost. The raw 
material costs are very different among alternatives, with the 
CF rocker presenting the highest value. However, the 
manufacturing cost is the main driver of the total cost of life 
cycle, where E-Glass, Ramie and Jute based composite 
rockers present the highest costs. This is a consequence of the 
longer production cycle time, causing higher costs related 
with labor, energy and equipment use. Regarding only the 
alternatives based on NF materials, Ramie presents lower 
costs than Jute. 
5.2. Environmental Results 
The LCA analyses integrates all the environmental 
impacts along the life cycle of the rocker, caused by the 
materials, consumables and energy consumption, for an 
annual production volume of 5000 components. Table 6 
shows the total points of the environmental impact obtained 
by the ReCiPe method for the several materials. The main 
contributing phase is the manufacturing phase and the 
differences between the alternatives in this phase are related 
with the cycle time. For a longer cycle time, more energy is 
required, which causes more EI. The EIs are similar for the 
different composite materials. However, the Aluminum 
option presents a significantly higher value. The Aluminum 
presents a higher EI in the material acquisition, since the 
material production from primary sources is considered. In 
the EOL phase, the EI of Aluminum is represented as a 
negative value, as a result of the benefit of material 
recycling. Regarding the NF materials, Ramie has a lower 
impact than Jute, essentially due to the lower amount of 
material required. 
5.3. Technical Results 
The technical performance dimension was based on the 
weight of the rocker for each material solution, since the 
weight is a major aspect for the bike marketability [15]. One 
can argue that stiffness is also important for the technical 
performance. However, for the different material solutions, the 
design of the rocker was accomplished according to technical 
requirements, where the maximum deformations as well as the 
applied load are equal for the different alternatives. Therefore, 
all the candidate materials have the same stiffness.  
6. Global Evaluation 
The results of each dimension of analysis (economic, 
environmental and technical) are presented in table 7. Figure 6 
illustrates the best material choice, which can be the 
Aluminum alloy, the CF and the Ramie fiber, depending on 
the importance or weight given to each dimension. For 
example, if minimizing the costs of the product is the most 
important strategic goal, then a high weight is given to the 
economic dimension and the best alternative is Aluminum. 
This setting for the importance criteria is illustrated by point X, 
were 60% of importance is given to economic performance, 
30% to the technical performance and only 10% to the 
environmental performance. On the other hand, if the 
environmental impact is the main strategic goal, the Ramie is 
the best solution material.  
The Jute and E-Glass are never best solutions (in this 
production volume scenario) due to their lower score in all 
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dimensions when compared with the other materials. For this 
reason, these two materials are not present in the ternary 
diagram. These results are according with the findings of 
Koronis [16] that Ramie is one of the best solutions within bio- 
composites.  
 
 
 
Table 4 Data Collected 
Stages E-Glass Carbon T300 Ramie Jute Aluminum 
Raw material 0.47 m2  0.3 m2  0.47 m2  0.58 m2  138x96x7 mm 
Transport 200 km 2460 km 23724 km 22430 km 1315 km 
Manufacturing Phase 1.9 h/part 1.3 h/part 1.9 h/part 2.31 h/part  0.33 h/part 
EOL incinerated incinerated incinerated incinerated recycled 
Table  5 Rocker total costs 
      Costs (€/part)       
Stages E-Glass Carbon T300 Ramie Jute Aluminum 
Raw material 2.33 5.95 1.57 2.68 0.75 
Transport  0.01 0.06 0.05 0.04 0.05 
Manufacturing Phase 12.72 8.72 12.72 15.48 3.10 
EOL 0.027 0.015 0.023 0.029 -0.092 
Total 15.09 14.75 14.36 18.23 3.59 
 
Table 6 Rocker total environmental impacts 
      EI (points/part)       
Stages E-Glass Carbon T300 Ramie Jute Aluminum 
Raw material 0.08775 0.10528 0.0687 0.08609 0.3578 
Transport 0.00010 0.00853 0.00286 0.00321 0.21425 
Manufacturing Phase 0.13482 0.14329 0.1177 0.14647 0.69932 
EOL 0.027 0.015 0.023 0.029 -0.092 
Total 0.25 0.27 0.21 0.26 1.18 
Table 7 Global evaluation results 
 
 
 
 
 
 
Figure 6 The best material for a given application, based on the weight of each dimension 
 
 
Material FP [g] LCC [€] LCA [pt] 
E-glass 163 15.09 0.25 
CF T300 92 14.75 0.27 
Ramie 136 14.37 0.21 
Jute 170 18.23 0.26 
Aluminum alloy 78 3.59 1.18 
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7. Conclusion 
This work proposes comparing the feasibility of several plant-
based composite solutions, bio-composites, with conventional 
ones in three dimensions - technical, economic and 
environmental (including in addition an Aluminum Alloy 
alternative that was used as baseline). The case study consists 
in a rocker using different composite materials reinforced 
with different fibers, such as E-GLass, Carbon fiber T300, 
Jute and Ramie, and a more conventional solution based on 
Aluminum. The requirements considered for this part were the 
deformation values (Aluminum rocker as baseline) and the 
safety factor derived from the Stai Hill failure criterion. These 
requirements determined the design of the part made of each 
alternative material. 
The weight was the attribute considered for the technical 
performance evaluation, where the rocker made of Aluminum 
was the option with minimum weight. For the economic 
performance, a LCC model allowed to estimate all the costs 
involved in the rocker life cycle, regarding the boundaries 
conditions. The manufacturing phase is the life cycle stage 
that contributes most to the LCC. In this dimension, the 
Aluminum presented the lower total costs. For the 
environmental performance, a LCA model based on the 
ReCiPe method allowed to estimate all the EI in the rocker 
life cycle. The Ramie alternative is the rocker with lowest EI. 
From the LCE perspective, the three dimensions were 
combined, where the best material choice depends on the 
weight given to each dimension. The three dimensions were 
aggregated in a ternary diagram, in which the dimensions of 
analysis were represented in each axis. The Ramie, CF and 
Aluminum are the three best solutions for the annual 
production volume defined (5000 units per year). 
The LCE methodology allowed compiling the main results 
from each dimension of analysis in the same framework, 
mapping the best solution for different weight criteria. By 
addressing different aspects of the product performance, it is 
able to support sustainable decisions in the material selection 
area. In regards to the case study, NF have potential to replace 
the conventional composites, leading to lower life cycle costs 
and lower environmental impacts in the material production. 
However, the CF and Aluminum solutions are still better 
alternatives if the part weight is a crucial technical attribute, 
with impacts on the use phase of the product. 
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